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S umm a r y : 

H i g h l y  c o n t r a c t i l e  s k e l e t a l  myotubes  d i f f e r e n t i a t e d  i n  t i s s u e  c u l t u r e  a r e  

n o r m a l l y  d i f f i c u l t  t o  m a i n t a i n  on c o l l a g e n - c o a t e d  t i s s u e  c u l t u r e  d i s h e s  f o r  

e x t e n d e d  p e r i o d s  o f  time b e c a u s e  of  t h e i r  p r o p e n s i t y  t o  d e t a c h  as a s h e e t  o f  

c e l l s  from t h e i r  s u b s t r a t u m .  T h i s  d e t a c h m e n t  r e s u l t s  i n  t h e  r e l e a s e  of  mech- 

a n i c a l  t e n s i o n  i n  t h e  g rowing  c e l l  " s h e e t "  and  c o n s e q u e n t l y ,  loss of c e l l u l a r  

p r o t e i n .  We h a v e  d e v e l o p e d  a s i m p l e  method o f  c u l t u r i n g  h i g h  d e n s i t y  con- 

t r a c t i l e  p r i m a r y  a v i a n  m y o t u l e s  embedded i n  a c o l l a g e n  g e l  m a t r i x  ( c o l l a g e l )  

a t t a c h e d  t o  e i t h e r  a s t a i n l e s s  s t e e l  mesh o r  n y l o n  s u p p o r t  s t r u c t u r e .  With 

t h i s  s y s t e m  t h e  c e i l s  c a n  b e  m a i n t a i n e d  i n  a h i g h i y  c o n t r z c t i i e  s t a t e  for 

e x t e n d e d  p e r i o d s  of t i m e  i n  v i t r o  u n d e r  t e n s i o n .  S t r u c t u r a l  i n t e g r i t y  o f  t h e  

myo tubes  c a n  b e  m a i n t a i n e d  for  up  t o  10 d a y s  i n  basal medium w i t h o u t  s e rum or 

embryo e x t r a c t  i f  t h e  c e l l s  a r e  embedded i n  c o l l a g e l .  T o t a l  c e l l u l a r  p r o t e i n  

and myos in  h e a v y  c h a i n  a c c u m u l a t i o n  i n  t h e  c e l l s  c a n  b e  m a i n t a i n e d  f o r  weeks 

a t  l e v e l s  which  a r e  2 - 3  times t h o s e  found i n  t ime-matched  c o n t r o l s  wh ich  are 

u n d e r  l i t t l e  t e n s i o n .  M o r p h o l o g i c a l l y ,  t h e  myotubes  are w e l l  d i f f e r e n t i a t e d  

w i t h  t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  n e o n a t a l  m y o f i b e r s .  T h i s  new c o l l a g e l  

-- 

c u l t u r e  s y s t e m  s h o u l d  prove  u s e f u l  i n  t h e  a n a l y s i s  of i n  v i t r o  gene  e x p r e s s i o n  

d u r i n g  myotube  t o  m y o f i b e r  d i f f e r e n t i a t i o n  and i t s  r e g u l a t i o n  b y  v a r i o u s  

-- 

e n v i r o n m e n t a l  f a c t o r s  s u c h  a s  medium g rowth  f a c t o r s ,  i n n e r v a t i o n ,  and 

m e c h a n i c a l  a c t i v i t y .  # 
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1 n t r o d  u c t i o n  : 

D i f f e r e n t i a t i o n  and development  of s k e l e t a l  m u s c l e  i n  v i t r o  have  been  -- 
e x t e n s i v e l y  s t u d i e d  and seem t o  c l o s e l y  f o l l o w  t h e  i n  v i v o  s i t u a t i o n  i n  many 

r e s p e c t s ,  i n c l u d i n g  t h e  f u s i o n  o f  t h e  myogenic  c e l l s  i n t o  m u l t i n u c l e a t e d  myo- 

-- 

t u b e s  ( 1 9 , 2 7 1 ,  and t h e  p r o g r e s s i v e  i n c r e a s e  i n  t h e  s y n t h e s i s  ( 3 , 7 )  and 

o r g a n i z a t i o n  ( 1 1 )  of  m u s c l e - s p e c i f i c  p r o t e i n s .  However ,  r emov ing  these c e i l j  

f rom t h e i r  i n  v i v o  e n v i r o n m e n t  and p l a c i n g  them u n d e r  t h e  a r t i f i c i a l  c o n d i -  

t i o n s  a s s o c i a t e d  w i t h  t i s s u e  c u l t u r i n g  i s o l a t e s  them from many i m p o r t a n t  i n -  

f l u e n c e s  needed  f o r  c o m p l e t e  d i f f e r e n t i a t i o n  i n t o  t h e  a d u l t  t i s s u e .  F o r  ex-  

a m p l e ,  i n n e r v a t i o n  and i n c r e a s i n g  m e c h a n i c a l  t e n s i o n  d u r i n g  deve lopmen t  a r e  

s e v e r a l  i m p o r t a n t  f a c t o r s  m i s s i n g  from t h e  no rma l  t i s s u e  c u l t u r e  s i t u a t i o n .  

T h e s e  m i s s i n g  components  a p p e a r  t o  b e  r e q u i r e d  f o r  t h e  s u b s e q u e n t  complex 

d e v e l o p m e n t a l  e v e n t s  r e s u l t i n g  i n  t h e  t r a n s i t i o n  o f  f e t a l  s k e l e t a l  musc le  i n t o  

a d u l t  m u s c l e  f i b e r s  (5). T h u s ,  w i t h  few e x c e p t i o n s  ( 9 1 ,  myotubes  d i f f e r e n t i a -  

t e d  i n  t i s s u e  c u l t u r e  w i t h o u t  t h e s e  e n v i r o n m e n t a l  r e g u l a t o r y  f a c t o r s  do n o t  

-- 

e x p r e s s  many o f  t h e  a d u l t  g e n e s ,  i n c l u d i n g  t h o s e  f o r  t h e  m y o f i b r i l l a r  p r o t e i n s  

( 4 ) .  

High d e n s i t y  c u l t u r e s  o f  h i g h l y  c o n t r a c t i l e  s k e l e t a l  myotubes  which c o u l d  

b e  m a i n t a i n e d  f o r  e x t e n d e d  p e r i o d s  of t i m e  would a s s i s t  i n  t h e  a n a l y s i s  of t h e  

r e g u l a t o r y  f a c t o r s  i n v o l v e d  i n  t h e  f e t a l  t o  a d u l t  t r a n s i t i o n  i n  gene  e x p r e s -  

s i o n .  U n f o r t u n a t e l y ,  u n d e r  no rma l  c u l t u r e ,  c o n d i t i o n s ,  t h e  s p o n t a n e o u s l y  con-  

t r a c t i l e  myo tubes  a r e  d i f f i c u l t  t o  m’aintain b e c a u s e  o f  t h e i r  p r o p e n s i t y  t o d  

d e t a c h  from t h e  s u b s t r a t u m .  The c u l t u r e s  can  b e  m a i n t a i n e d  f o r  long p e r i o d s  by 

c u l t u r i n g  a t  low d e n s i t y  or i n  t he  p r e s e n c e  o f  d r u g s  wh ich  i n h i b i t  myotube 

c o n t r a c t i o n  s u c h  a s  o u a b a i n  or t e t r o d o t o x i n ;  b u t  t h e s e  c o n d i t i o n s  have a 

marked  e f f e c t  on  t h e  g rowth  o f  t h e  c e l l s  (31 )  and  o n  t h e i r  a b i l i t y  t o  accum- 
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u l a t e  m y o f i b r i l l a r  p r o t e i n  ( 3 2 ) .  A s i m p l i f i e d  c u l t u r e  s y s t e m  f o r  m a i n t a i n i n g  

h i g h  d e n s i t y ,  h i g h l y  c o n t r a c t i l e  myotubes  f o r  e x t e n d e d  p e r i o d s  o f  t ime i s  

d e s c r i b e d  i n  t h i s  p a p e r .  A c o l l a g e n  s u b s t r a t u m  is  n o r m a l l y  used  i n  s k e l e t a l  

musc le  p r i m a r y  c u l t u r e s  t o  a s s i s t  i n  t h e  f o r m a t i o n  o f  m u l t i n u c l e a t e d  myotubes  

from p r e c u r s o r  myogenic  c e l l s  (8,151. We h a v e  found t h a t  by ernbedding t h e  

formed m y o f i b e r s  i n  a c o l l a g e n  g e l  m a t r i x  which  is  a t t a c h e d  t o  a s t a i n l e s s  

s t e e l  mesh o r  n y l o n  s u p p o r t  r i n g  a s s i s t s  i n  t h e  long- t e rm m a i n t e n a n c e  of t h e  

c o n t r a c t i l e  c e l l s  and i n  t h e i r  more c o m p l e t e  s t r u c t u r a l  deve lopmen t .  S i m i l a r  

b e n e f i c i a l  e f f e c t s  of  embedding o t h e r  c e l l  t y p e s  i n  c o l l a g e n  g e l s  h a v e  b e e n  

r e p o r t e d  ( 2 , 6 , 1 3 , 3 1 ) .  T h i s  m o d i f i e d  c u l t u r e  s y s t e m  s h o u l d  a s s i s t  i n  t h e  

a n a l y s i s  o f  t h e  r e g u l a t o r y  f a c t o r s  i n v o l v e d  i n  s k e l e t a l  musc le  t e r m i n a l  

d i f f e r e n t i a t i o n .  P a r t s  o f  t h i s  work have  a p p e a r e d  i n  a b s t r a c t  f0rrn.l 

1 

I n  V i t r o  C e l l u l a r  and  Developmenta l  B i o l o g y  2 3 : 2 4 a ,  1987. - 
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Methods:  

C e l l  C u l t u r e  - 

Embryonic  a v i a n  s k e l e t a l  musc-2 c e l l s  a r e  i s o l a t e d  from -12 day  i n  ovo 

p e c t o r a l i s  m u s c l e  by  s t a n d a r d  d i s s e c t i o n  t e c h n i q u e s  ( 2 8 ) .  F e r t i l i z e d  eggs  were 

o b t a i n e d  from Beave r  R i v e r  Farm,  W. K i n g s t o w n ,  R I .  B r i e f l y ,  a f t e r  t e a s i n g  t h e  

musc le  t i s s u e  away from t h e  s k i n  and u n d e r l y i n g  bone  i n  E a r l e ' s  B a l a n c e  S a l t  

S o l u t i o n  (EBSS) u n d e r  s t e r i l e  c o n d i t i o n s ,  t h e  m u s c l e  is  minced  i n t o  p,:.eces o f  

a p p r o x i m a t e l y  1 mm2. A f t e r  a c c u m u l a t i n g  t i s s u e  from 3-6 e m b r y o s ,  i t  is c e n t r i -  

fuged  a t  1 ,600  xg  f o r  1 m i n ,  t r a n s f e r r e d  t o  10 m l  0.25% t r y p s i n  i n  C3* Mg* 

f r e e  EBSS,  and i n c u b a t e d  f o r  15 min a t  37°C. The c e l l s  a r e  a g a i n  p e i l e t e d  b y  

c e n t r i f u g a t i o n  a t  1 ,500 xg  f o r  5-6  min and t r a n s f e r r e d  t o  10 ml o f  g rowth  

medium. F o l l o w i n g  a 4 5  s e c  v o r t e x i n g  a t  low, s p e e d ,  t h e  d i s p e r s e d  c e l l s  a r e  

p a s s e d  t h r o u g h  a 20-30 bun N i t e x  f i l t e r .  The c e l l  d e n s i t y  o f  t h e  r e s u l t i n g  c e l l  

p r e p a r a t i o n  i s  d e t e r m i n e d  w i t h  a Levy Chamber.  and a p p r o x i m a t e l y  5 ,700  c e l l s /  

mm2 a r e  p l a t e d  i n  1 m l  o f  g rowth  medium i n  e a c h  w e l l  o f  4 - w e l l  t i s s u e  c u l t u r e  

p l a t e s  (Nunc Corp . ,  R o s k i l d e ,  Denmark). The wel ls  a re  p r e v i o u s l y  c o l l a g e n -  

c o a t e d  by  s a l t - p r e c i p i t a t i o n  ( 2 0 ) .  The c u l t u r e s  a r e  m a i n t a i n e d  i n  a . h u m i d i f i e d  

5 .0% C 0 2  i n c u b a t o r  a t  37.2"C. Growth medium i s  E a g l e ' s  B a s a l  Medium, 10% p r e -  

t e s t e d  h o r s e  se rum (Hyc lone  L a b o r a t o r i e s ,  Logan ,  U t a h ) ,  5% c h i c k e n  embryo 

e x t r a c t  ( 8 5 / 1 0 / 5  medium) ,  and  50 u n i t s / m l ' p e n i c i l l i n .  A l l  o t h e r  t i s s u e  c u l t u r e  

r e a g e n t s  were o b t a i n e d  from G I B C O ,  S t r e p t o m y c i n  is  n o t  u s e d  b e c a u s e  o f  i t s  

d e l e t e r i o u s  e f f e c t  on p h e n o t y p i c  m a t u r a t i o n  of c h i c k  myogenic  c e l l s  ( 2 3 ) .  A l l  

c u l t u r e s  a r e  f ed  f r e s h  media  (500  ~ l )  a t  2 4 ,  4 8 ,  and  7 2  h r s ,  and t h e n  sub-  

s e q u e n t l y ,  a s  o u t l i n e d  i n  t h e  R e s u l t s .  Under  t h e s e  g rowth  c o n d i t i o n s ,  t h e  

myogenic  c e l l s  p r o l i f e r a t e  and fuse  d u r i n g  t h e  f i r s t  48 h r s  i n  v i t r o  and a r e  

c o n t r a c t i l e  b y  96-120 h r s .  

-- 

* 

-- 
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The 15  mm d i a m e t e r  w e l l s  i n  which t h e  myotubes  a r e  t o , b e  embedded i n  c o l -  

l a g e n  a r e  p r e p a r e d  p r i o r  t o  c e l l  p l a t i n g  by  a t t a c h i n g  e i t h e r  a f l a t  n y l o n  

w a s h e r  (13 mm o u t s i d e  d i a m e t e r ,  2 mm w i d e ,  p u r c h a s e d  f rom a l o c a l  h a r d w a r e  

s t o r e )  t o  t h e  b o t t o m  o f  ' t h e  c o l l a g e n - c o a t e d  w e l l s  u s i n g  RTV S i l i c o n e  Rubber 

A d h e s i v e  ( G e n e r a l  E l e c t r i c ,  S i l i c o n e  P r o d u c t s  Dep t . ,  N e w  York) or b y  p l a c i n g  a 

s t a i n l e s s  s t e e l  mesh ( 8  mm x 50 mm,  no .  100 ,  Newark Wire C l o t h  Co. ,  Newark, 

N.J.) a r o u n d  t h e  o u t s i d e  w a l l  o f  t he  w e l l s .  The mesh and w a s h e r s  were soaked  

i n  a n  Alconox  wash s o l u t i o n ,  r i n s e d  w e l l  w i t h  warm t a p  w a t e r ,  and  

d i s t i l l e d l d e i o n i z e d  w a t e r  b e f o r e  use .  Each  4 - w e l l  t i s s u e  c u l t u r e  d i s h  c o n t a i n s  

2 w e l l s  w i t h  / r i n g s  ( t o  be  co l l agen-embedded)  and  2 normal  we l l s  t o  be used  a s  
rnesh o r  

t ime-matched  c o n t r o l s .  All d i s h e s  a r e  g a s  s t e r i l i z e d  b e f o r e  u s e .  

Seven ty - two  h o u r s  a f t e r  p l a t i n g  t h e  c e l l s ,  t h e  g rowth  medium is  removed 

f rom t h e  f u s e d  myotube c u l t u r e s ,  and 500 1 ~ 1  o f  a c o l l a g e n  g e l  s o l u t i o n  i s  

r a p i d l y  added t o  t h e  w e l l s .  The c o l l a g e n  g e l  s o l u t i o n  is  p r e p a r e d  i m m e d i a t e l y  

b e f o r e  u s e  by  a d d i n g  0.1 N NaOtI t o  85/10/5 ( 2 5 0 ~ 1  t o  9.0 m l )  and t h e n  4.5 m l  

o f  a c o l l a g e n  s o l u t i o n  ( 2 5 0 / c ~ g / m l )  i n  a c e t i c  a c i d ,  p r e p a r e d  a c c o r d i n g  t o  t h e  

method of B e l l  e t  a l .  ( 2 ) .  The s o l u t i o n  i s  r a p i d l y  mixed b y  i n v e r s i o n  and 

* p i p e t t e d  i n t o  e a c h  w e l l  c o n t a i n i n g  a n y l o n  r i n g  or wire mesh. C o n t r o l  c u l t u r e s  

r e c e i v e  500pl of  a s i m i l a r  s o l u t i o n  made u p  w i t h  a n  a c e t i c  a c i d  s o l u t i o n  n o t  

c o n t a i n i n g  c o l l a g e n .  I n  o r d e r  f o r  t h e ,  c o l l a g e n  s o l u t i o n  t o  g e l  p r o p e r l y ,  t h e .  
* 

pll of t h e  f i n a l  mix i s  c r i t i c a l .  The p h e n o l  r e d  i n d i c a t o r  i n  t h e  s o l u t i o n  

s h o u l d  b e  s l i g h t l y  y e l l o w i s h  (ptl 6.9-7.0) p r i o r  t o  i t s  a d d i t i o n  t o  t h e  c e l l s .  

S i n c e  t h e  p a r t i c u l a r  b a t c h  of  85/10/5 b e i n g  u s e d  c a n  a f f e c t  t h e  m i x t u r e ' s  pH, 

w e  a l w a y s  p remix  t h e  c o l l a g e n  g e l  s o l u t i o n  i n  a t e s t  t u b e  and  i n c u b a t e  i t  f o r  

1 h r  a t  37°C t o  see i f  i t  g e l s  p r o p e r l y .  S m a l l  c h a n g e s  i n  t h e  amount o f  t h e  

.. ,.,i- . . . , , .. . ~ ,...,. / . , . .  . .. . -  - , ). . .e . .  . --.*.. , . . - . ... i . .: I .  ?. . .  . 
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sodium h y d r o x i d e  s o l u t i o n  can  be made t o  o b t a i n  t h e  p r o p e r  pH f o r  g e t t i n g  t h e  

f i n a l  s o l u t i o n  t o  g e l  p r o p e r l y .  I n  more r e c e n t  e x p e r i m e n t s ,  c o m m e r c i a l l y  

a v a i l a b l e  c o l l a g e n  (Type I Rat T a i l  c o l l a g e n ,  C o l l a b o r a t i v e  Research)  h a s  b e e n  

s u c c e s s f u l l y  u s e d .  A t  d i l u t e  c o l l a g e n  l e v e l s  (50-200 p g / m l , )  u s e  of NaOH is 

n o t  r e q u i r e d  when u s i n g  t h e  C o l l a b o r a t i v e  R e s e a r c h  p r o d u c t .  

F o l l o w i n g  a d d i t i o n  o f  t h e  c o l l a g e n  g e l  s o l u t i o n  t o  t h e  c e l l s ,  t h e  d i s h e s  

a r e  c a r e f u l l y  r e t u r n e d  t o  t h e  i n c u b a t o r  and l e f t  u n d i s t u r b e d  f o r  18-36 h r s .  

P r o p e r  h a r d e n i n g  of  t h e  g e l  c a n  be d e t e r m i n e d  b y  g e n t l y  t i p p i n g  t h e  c u l t u r e  

d i s h e s  and  w a t c h i n g  t o  see i f  t h e  g e l  h a s  s o l i d i f i e d .  Once h a r d e n e d ,  2 5 0 ~ 1  o f  

f r e s h  8 5 / 1 0 / 5  i s  c a r e f u l l y  added  t o  t h e  t o p  o f  t h e  c o l l a g e n  g e l .  A s imi l a r  

amount  of  t h e  medium i s  added  t o  t h e  c o n t r o l s .  S u b s e q u e n t  f e e d i n g  s c h e d u l e s  

f o r  t h e  c u l t u r e s  a r e  d e s c r i b e d  i n  t h e  R e s u l t s .  When t h e  c u l t u r e s  a r e  t o  be  

f e d ,  t h e  o l d  medium i s  c a r e f u l l y  removed by  hand a s p i r a t i o n  b e f o r e  t h e  a d d i -  

t i o n  o f  f r e s h  medium. I t  i s  c r i t i c a l  t h a t  t h e  c o l l a g e n  g e l  i s  n o t  d i s t u r b e d  

u n n e c e s s a r i l y  d u r i n g  t h e  f i r s t  4-7 d a y s  p r i o r  t o  i t s  d e h y d r a t i o n  and c o l l a p s e  

o n t o  t h e  c e l l s  ( s e e  R e s u l t s ) .  . 
Chem i ca  1 De term i n a t  i o n s  

A t  v a r y i n g  t imes ,  t h e  c u l t u r e s  a re  removed from t h e  i n c u b a t o r  and r i n s e d  

t h r e e  times w i t h  pheno l - r ed  f r e e  EBSS f o r  2-3 min w i t h  s w i r l i n g  a t  room tem- 

p e r a t u r e .  F o l l o w i n g  a s p i r a t i o n  of t h e  f i p a l  r i n s e  s o l u t i o n ,  t h e  c e l l s  are  

f r o z e n  a t  -20°C u n t i l  t e r m i n a t i o n  of ' the  e x p e r i m e n t .  At t h a t  t i m e ,  t h e  c e l l s "  

are  homogenized  by  s o n i c a t i o n  i n  500 r-1 s u c r o s e  b u f f e r  (0 .25 M s u c r o s e ,  0.02 M 

K C 1 ,  pH 6 . 8 )  on i c e  and a l i q u o t s  t aken  for t h e  d e t e r m i n a t i o n  o f  t o t a l  p r o t e i n  

( 2 2 ) ,  t o t a l  DNA (17), and myos in  heavy c h a i n  a c c u m u ~ a t i o n  ( 2 9 ) .  The f l u o r o -  

m e t r i c  DNA a s s a y  p r o c e d u r e  is  s l i g h t l y  m o d i f i e d  from t h e  p r o c e d u r e  o f  L u b a r c a  

and  P a i g e n  ( 2 1 )  b y  e l i m i n a t i n g  EDTA f rom t h e  h o m o g e n i z a t i o n  b u f f e r  b u t  i n c l u d -  

i _y . ..I- . ,. . ., . .  . - . , .  
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i n g  i t  i n  t h e  p h o s p h a t e  b u f f e r  used i n  t h e  second  s t e p  o f  t h e  a s s a y .  T h i s  i s  

n e c e s s a r y  so  t h a t  an a l i q u o t  from t h e  c e l l  homogenate  c a n  be  u s e d  f o r  myos in  

heavy  c h a i n  q u a n t i t a t i o n :  Q u a n t i t a t i o n  o f  myos in  h e a v y  c h a i n  i s  a c c o m p l i s h e d  

b y  making  an  a l i q u o t  from t h i s  homogenate  2 %  i n  SDS, 5 %  i n  2 - m e r c a p t o e t h a n o l ,  

20% i n  g l y c e r o l ,  and  0.0625 M i n  TRIS-HC1,  pH 6 . 8  and  b o i l i n g  t h e  sample  f o r  

2-4 min.  E l e c t r o p h o r e t i c  s e p a r a t i o n  o f  t h e  myos in  h e a v y  c h a i n s  i s  p e r f o r m e d  on  

5% p o l y a c r y l a m i d e  g e l s  (1 .5  mm t h i c k  s l a b s )  by t h e  method o f  P a t t e r s o n  and 

St rohman ( 2 5 ) .  Q u a n t i t a t i o n  o €  the  band i n t e n s i t y  i s  done a s  o u t l i n e d  i n  

Vandenburgh and  Kaufman ( 2 9 )  b u t  u s i n g  a n  He lena  C l i n i s c a n  d e n s i t o m e t e r  i n  

t r a n s m i t t a n c e  mode a t  590 nm. Myosin h e a v y  c h a i n  s t a n d a r d s  ( r a b b i t  m u s c l e ,  

PAGE. g r a d e )  were o b t a i n e d  from Sigma chemical C o .  A t  l e a s t  five d i f f e r e n t  

c o n c e n t r a t i o n s  of myos in  h e a v y  c h a i n  s t a n d a r d  a r e  r u n  on  e a c h  g e l  a l o n g  w i t h  

t h e  s a m p l e s  o f  unknown c o n c e n t r a t i o n s .   ine ear r e g r e s s i o n  a n a l y s i s  o f  t h e  

t r a n s m i t t a n c e  o f  t h e  s t a n d a r d s  on t h e  g e l  i n d i c a t e d  l i n e a r i t y  ( c o r r e l a t i o n  

c o e f f i c i e n t  = 0 .995)  i n  t h e  1.5 t o  l o / %  p r o t e i n .  r a n g e .  

L i z h t  and E l e c t r o n  Xic roscoDv  3 

C u l t u r e s  a re  f i x e d  a t  v a r y i n g  times w i t h  e i t h e r  a c e t i c  a c i d : e t h a n o l  ( 1 : 3 )  

o r  b u f f e r e d  10% f o r m a l i n ,  d e h y d r a t e d  w i t h  e t h a n o l  and  s t a i n e d  w i t h  H a r r i s  

h e i n a t o x y i n l e o s  i n  ( 2 6 )  f o r  l i g h t  m i c r o s c o p i c  o b s e r v a t i o n s .  A r e a s  f rom t h e  

f o r m a l i n - f i x e d  c u l t u r e s  wh ich  a r e  t o  be  o b s e r v e d  by  e l e c t r o n  m i c r o s c o p y  a re  

embedded i n  S p u r r  Embedding Medium ( P o l y s c i e n c e s ,  K ing  o f  P r u s s i a ,  PA). T h i n  
, 

s e c t i o n s  Ye on cut  a P o r t e r  Blum MT2B micro tome ,  s t a i n e d  w i t h  l e a d  c i t r a t e  and u r a n y l  

a c e t a t e ,  and o b s e r v e d  w i t h  a Ze i s s  9S2 e l e c t r o n  m i c r o s c o p e .  
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Rcsu 1 t s  : 

When c u l t u r e d  s k e l e t a l  myotubes  d i f f e r e n t i a t e d  on a c o l l a g e n - c o a t e d  mono- 

l a y e r  become i n c r e a s i n g l y  more c o n t r a c t i l e  w i t h  a g e ,  t h e y  d e t a c h  from t h e  s u b -  

s t r a t u m  e i t h e r  by  p u l l i n g  o f f  f rom the p e r i p h e r y  o f  t h e  d i s h  a s  a “ s h e e t ”  of  

c e l l s  or b y  r u p t u r i n g  as  i n d i v i d u a l  c e l l s .  With o u r  s t a n d a r d  h i g h  d e n s i t y  

c u l t u r e s ,  t h e  myotubes  u s u a l l y  b e g i n  t o  d e t a c h  on day  5 or 6 p o s t p l a t i n g  and 

t h i s  r e l e a s e  of  m e c h a n i c a l  t e n s i o n  p r o g r e s s i v e l y  c o n t i n u e s  u n t i l  t h e  m a j o r i t y  

o f  t h e  c e l l s  s t i l l  r e m a i n i n g  i n  t h e  d i s h  a r e  u n d e r  l i t t l e  t e n s i o n  b y  2 weeks.  

The d e n s i t y  o f  f i b r o b l a s t s  s u r r o u n d i n g  t h e  myotubes  seems t o  d e t e r m i n e  w h e t h e r  

t h e  c e l l s  d e t a c h  s i n g l y  o r  a s  a s h e e t ,  p r o b a b l y  b e c a u s e  o f  t h e i r  

c o l l a g e n - p r o d u c i n g  a b i l i t y .  The g r e a t e r  t h e  number of  f i b r o b l a s t s  i n  t h e  

c u l t u r e ,  t h e  b e t t e r  t h e  myo tubes  a re  i n t e r c o n n e c t e d  and t h e  more L i k e l y  t h e y  

a r e  t o  d e t a c h  t o g e t h e r  a s  a s h e e t  (Vandenburgh ,  u n p u b l i s h e d  o b s e r v a t i o n s ) .  I f  

t h e  c u l t u r ? s  3 r e  m a i n t a i n e d .  i n  minimal  medium, f i b r o b l a s t  p r o l i f e r a t i o n  d o e s  

n o t  o c c u r ,  and t h e  myotubes r u p t u r e  i n d i v i d u a l l y .  Based on t h e s e  o b s e r v a t i o n s ,  

i t  seemed l i k e l y  t h a t  by embedding  the formed myotubes  i n  a c o l l a g e n  g e l  

m a t r i x  and u s i n g  a p e r i p h e r a l  s u p p o r t  s t r u c t u r e ,  t h e  c o n t r a c t i l e  c e l l s  m i g h t  

. 

b e  m a i n t a i n e d  u n d e r  t e n s i o n  f o r  a n  ex tended  p e r i o d  of  t i m e ,  even  poss i ‘b ly  i n  

b a s a l  medium. 

When t h e  d i f f e r e n t i a t e d  myotubes a r e  embedded i n  a c o l l a g e n  g e l  

( c o l l a g e l )  soon a f t e r  t h e y  have  formed,  t h e ‘ c e l l s  a p p e a r  h e a l t h y  u n d e r  t h e  

i n v e r t e d  phase  m i c r o s c o p e  and can  be k e p t  a t t a c h e d  and u n d e r  t e n s i o n  for a t  
r 

l e a s t  2 - 3  w e e k s  i n  c u l t u r e  w h i l e  u n d e r g o i n g  s t r e n u o u s  m e c h a n i c a l  a c t i v i t y .  

With c o n t i n u e d  s p o n t a n e o u s  c o n t r a c t i o n s  o f  t h e  embedded myotubes  i n  c o l l a g e l ,  

t h e  g e l  d e h y d r a t e s  o v e r  a p e r i o d  of 3-4  d a y s ,  c o l l a p s i n g  o n t o  t h e  mono laye r  o f  

c e l l s .  T h i s  a p p e a r s  t o  form a s t r o n g  s u p p o r t i v e  c o l l a g e n  mesh o v e r  t h e  
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c e l l s .  T h i s  g e l  d e h y d r a t i o n  and  c o l l a p s e  i s  s i m i l a r  t o  wha t  o c c u r s  w i t h  o t h e r  

m e c h a n i c a l l y  a c t i v e  c e l l s  ( 2 ) .  A f t e r  s e v e r a l  weeks i n  c u l t u r e ,  t h e  enmeshed 

myotubes  a r e  no l o n g e r  a t t a c h e d  t o  the  b o t t o m  o f  t h e  w e l l s ,  b u t  form a t e n s e  

" f l o a t i n g "  s h e e t  o f  m y o f i b e r s  a t t a c h e d  s o l e l y  t o  t h e  c i r c u l a r  n y l o n  r i n g  or 

s u r r o u n d i n g  s t a i n l e s s  s t e e l  mesh. 

L i g h t  m i c r o s c o p i c  o b s e r v a t i o n s  of t h e  c u l t u r e s  a f t e r  2 - 3  weeks i n  c o l -  

l a g e l  show them t o  c o n t a i n  a h i g h  d e n s i t y  of  w e l l - d i f f e r e n t i a t e d  myotubes  o f  

v a r y i n g  d i a m e t e r s  ( F i g u r e  1 ) .  The p r o l i f e r a t i n g  f i b r o b l a s t s  form a c o n f l u e n t  

l a y e r  o f  c e l l s  i n  be tween t h e  myotubes i f  t h e  c u l t u r e s  &re  m a i n t a i n e d  w i t h  

c o m p l e t e  85/10/5 medium; i n  b a s a l  medium, f ewer  f i b r o b l a s t s  a re  found ( F i g u r e  

1). Some f i b r o b l a s t s  a p p e a r  t o  m i g r a t e  i n t o  t h e  c o l l a g e l  and  are s e e n  i n  a 

p l a n e  above  t h e  o r i g i n a l  m o n o l a y e r .  

T h e  myo tubes  s y n t h e s i z e  and o r g a n i z e  m y o f i b r i l l a r  p r o t e i n s  i n t o  m y o f i i a -  

men t s  a s  l o n g  a s  t h e y  r e m a i n  a t t a c h e d  t o  t h e  s u b s t r a t u m  and a r e  u n d e r  mech- 

a n i c a l  t e n s i o n  ( 2 9 ) ,  b u t  o n c e  t h e  mechan ica l  t e n s i o n  h a s  b e e n  r e l e a s e d  from 

t h e  m y o t u b e s ,  t h e y  d e v e l o p  v a c u o l e s  and b e g i n  t o  d e g e n e r a t e  when o b s e r v e d  by  

i n v e r t e d  p h a s e  m i c r o s c o p y  and l i g h t  mic roscopy  ( F i g u r e s  1 and 2 ) .  Embedding 

t h e  c e l l s  i n  c o l l a g e l  p r e v e n t s  t h i s  c e l l  d e t a c h m e n t  and  d e g e n e r a t i o n  from 

o c c u r r i n g .  A s  t h e  c o l l a g e l - e m b e d d e d  myotubes f i l l  w i t h  m y o f i b r i l s ,  many of  

t h e i r  n u c l e i  become l o c a l i z e d  u n d e r  t h e  sarco lemma ( F i g u r e  2 1 ,  a 

c h a r a c t e r i s t i c  o f  a more m a t u r e  musc le  c e l l .  When t h e  myotubes  a r e  

d i f f e r e n t i a t e d  i n  c o m p l e t e  medium, c o l l ~ g e n - e m b e d d e d ,  and  t h e n  m a i n t a i n e d  i n  ,, 
4 

b a s a l  medium w i t h o u t  s u p p l e m e n t s ,  myotube s t r u c t u r e ,  and m y o f i b r i l l a r  

o r g a n i z a t i o n  c a n  be m a i n t a i n e d  f o r  a t  l e a s t  10 d a y s  i n  t h e s e  c e l l s  as l o n g  a s  

t h e y  r e m a i n  u n d e r  t e n s i o n  i . e .  a t t a c h e d  ( F i g u r e  2 ) .  
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Wien t h e  c o l l a g e l - e m b e d d e d  myotubes a r e  examined by e l e c t r o n  m i c r o s c o p y ,  

t h e  m u s c l e  c e l l s  show a number o f  c h a r a c t e r i s t i c s  of  w e l l - d i f f e r e n t i a t e d  neo-  

n a t a l  m y o f i b e r s  ( 1 7 , 2 4 1 .  These  c h a r a c t e r i s t i c s  i n c l u d e  a h i g h  c o n c e n t r a t i o n  o f  

o r g a n i z e d  m y o f i b r i l l a r  m a t e r i a l  i n  the c e n t r a l ,  as w e l l  as p e r i p h e r a l ,  p o r t i o n  

o f  t h e  m y o f i b o r s  ( F i g u r e  3 B ) ;  t h e  r e s u l t a n t  d i s p l a c e m e n t  of  t h e  c e n t r a l  n u c l e i  

i n  immature  myotubes  towards  t h e  p e r i p h e r a l  p o s i t i o n  found i n  o l d e r  i n  v i v o  

m y o f i b e r s  ( F i g u r e  3 C ) ;  and a more h i g h l y  d i f f e r e n t i a t e d  e x t e r n a l  l a m i n a  l a y e r  

( F i g u r e  3D). Few, i f  any  v a c u o l e s  i n d i c a t i v e  o f  d e g e n e r a t i n g  c e l l s  a r e  found 

i n  t h e s e  r , i y o f i b e r s .  I n  c o n t r a s t ,  c o n t r o l  myotubes grown by  s t a n d a r d  t i s s u e  

c u l t u r e  t e c h n i q u e s  a r e  h i g h l y  v a c u o l a t e d  and c o n t a i n  d i s o r g a n i z e d  m y o f i b r i l l a r  

-- 

m a t e r i a l  ( F i g u r e  3A) ,  b e c a u s e  t h e y  a r e  no  l o n g e r  u n d e r  t e n s i o n  i n  t h e  c u l t u r e s .  

T o t a l  c e l l u l a r  p r o t e i n  and DNA c o n t e n t  o f  c o n t r o l  and c o l l a g e l - e m b e d d e d  

c u l t u r e s  were measured  a t  v a r y i n g  t imes  a f t e r  p l a t i n g  and t h e  r e s u l t s  of a 

t y p i c a l  e x p e r i m e n t  a r e  shown i n  F i g u r e  4 .  T o t a l  c e l l  p r o t e i n  i n c r e a s e s  i n  b o t h  

c u l t u r e s  from day  1 t o  day  5 p o s t p l a t i n g  b u t  t h i s  l e v e l  b e g i n s  t o  d e c l i n e  i n  

t h e  c o n t r o l s  a f t e r  day 5 ( F i g u r e  4A) .  I n  c o n t r a s t ,  t h e  c o l l a g e l - e m b e d d e d  c e l l s  

c o n t i n u e  t o  a c c u m u l a t e  p r o t e i n  f o r  2-3  a d d i t i o n a l  d a y s  and a r e ’ a b l e  t o  main-  

t a i n  t h i s  e l e v a t e d  p r o t e i n  l e v e l  f o r  a t  l e a s t  s e v e r a l  weeks.  The a c c u m u l a t e d  

l e v e l  o f  p r o t e i n  i n  t h e  c o l l a g e 1  c u l t u r e s  i s  3-4 times t h e  l e v e l  found i n  

c o n t r o l  c u l t u r e s .  C e l l  d e n s i t y  i n  the  c u l t u r e s  a s  measu red  by t o t a l  c e l l  DNA 

c o n t e n t  i s  g r e a t e s t  a t  Day 3 i n  c o n t r o l s ,  and  s t e a d i l y  d e c r e a s e s  f o r  4 - 6  d a y s ,  
4 

c 
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r e a c h i n g  a p l a t e a u  f o r  t h e  s u b s e q u e n t  1-2  weeks i n  c u l t u r e  ( F i g u r e  5B). The 

c o l l a g e t - e m b e d d e d  c u l t u r e s  show a 20-302 i n c r e a s e  i n  DNA c o n t e n t  d u r i n g  t h e  

p e r i o d  o f  DNA d e c r e a s e s  i n  c o n t r o l  c u l t u r e s ,  due  m a i n l y  t o  t h e  c o n t i n u e d  p ro -  

l i f e r a t i o n  o f  f i b r o b l a s t s .  When t h e  c u l t u r e s  a r e  o b s e r v e d  b y  i n v e r t e d  phase  

m i c r o s c o p y ,  t h i s  l o s s  i n  p r o t e i n  and  DNA c o n t e n t  a p p e a r s  t o  r e s u l t  p a r t i a l l y  

f rom t h e  c o m p l e t e  d e t a c h m e n t  of some myotubes  and f i b r o b l a s t s ,  b u t  m a i n l y  from 

t h e  d e g e n e r a t i o n  o f  t h e  many p a r t i a l l y  d e t a c h e d  myotubes  and  f i b r o b l a s t s  re- 

m a i n i n g  i n  c u l t u r e .  When t h e  p r o t e i n  t o  DNA r a t i o s  a r e  c a l c u l a t e d  f o r  c o n t r o l  

and  c o t l a g e l - e m b e d d e d  c u l t u r e s  , t h e  r e s u l t a n t  d a t a  ( T a b l e  I )  i n d i c a t e  t h a t  t h o  

c e l l s  r e m a i n i n g  i n  t h e  co l l age l - embedded  c u l t u r e s  have  a s i g n i f i c a n t l y  h i g h e r  

r a t i o  t h a n  c o n t r o l  c e l l s .  A h i g h e r  r a t i o  i n d i c a t e s  t h a t  t h e  c e l l s  i n  t h e  

c o l l a g e l - e m b e d d e d  c u l t u r e s  a r e  l a r g e r  c e l l s  t h e n  i n  t h e  c o n t r o l  c u l t u r e s ,  s u p -  

p r t i n g  t h e  m i c r o s c o p i c  o b s e r v a t i o n s  t h a t  ih2 c e l l s  i n  t h e  c o n t r o l  c u l t u r e s  

a r e  d e g e n e r a t i n g .  Subsequen t  e x p e r i m e n t s  c a r r i e d  o u t  f o r  l o n g e r  p e r i o d s  o f  

time ( 3 - 4  weeks)  i n d i c a t e  t h a t  s i m i l a r  t r e n d s  a r e  m a i n t a i n e d  f o r  l o n g e r  p e r -  

i o d s  o €  t i m e  i n  c u l t u r e  ( d a t a  n o t  shown). 

Compos i t ion  oE t h e  medium h a s  an i m p o r t a n t  i n f l u e n c e  on t h e  l e v e l  o f  

s p o n t a n e o u s  c o n t r a c t i l i t y  o f  t h e  myo tubes ,  t h e i r  s u b s e q u e n t  g rowth  and 

a t t a c h m e n t  t o  t h e  s u b s t r a t u m .  T h e r e  i s  a n o t i c e a b l e  v a r i a t i o n  i n  t h e  l e v e l  o f  

l o n g - t e r m  myotube s p o n t a n e o u s  c o n t r a c t i o n s  be tween d i f f e r e n t  b a t c h e s  o f  h o r s e  

serum and c h i c k  embryo e x t r a c t  when the c e l l s  are embedded i n  c o l l a g e 1  

(Vandenburgh ,  u n p u b l i s h e d  o b s e r v a t i o n s ) ,  I n  o u r  no rma l  medium c o n t a i n i n g  10% 
# 

, 
h o r s e  s e r u m  and 5 %  c h i c k e n  embryo e x t r a c t ,  m o d e r a t e  c o n t r a c t i l i t y  of  t h e  

myo tubes  o c c u r s  d u r i n g  t h e  2-3 week p e r i o d  o f  t h e  e x p e r i m e n t s  d e s c r i b e d  i n  

t h i s  p a p e r .  I n  t h e  c o l l a g e l - e m b e d d e d  c u l t u r e s ,  t h e  c e l l s  r e m a i n  u n d e r  t e n s i o n  

and a r e  w e l l  a t t a c h e d  t o  t h e  n y l o n  r i n g  o r  s t a i n l e s s  s t e e l  mesh. D e c r e a s i n g  

t h e  p e r c e n t  o f  h o r s e  serum and c h i c k  embryo e x t r a c t  i n  t h e  medium a p p e a r s  t o  

d e c r e a s e  t h e  l e v e l  o f  c o n t r a c t i l e  a c t i v i t y  when t h e  c e l l s  a r e  o b s e r v e d  by  

i n v e r t e d  phase  m i c r o s c o p y .  T h e i r  growth i s  a l s o  r educed  i n  t h i s  medium ( F i g u r e  

5 ) .  
-~ ~- 
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When t h e  c e l l s  a r e  i n  b a s a l  medium c o n t a i n i n g  h o r s e  se rum a s  t h e  o n l y  

a d d i t i v e ,  g rowth  i s  s t i m u l a t e d  o v e r  b a s a l  medium w i t h o u t  s u p p l e m e n t s  a l o n g  

w i t h  t h e  l e v e l  o f  s p o n t a n e o u s  c o n t r a c t i o n s ;  b u t  n o t  a s  much as when t h e  c e l l s  

a r e  i n  medium c o n t a i n i n g  b o t h  s e r u m  and c h i c k e n  embryo e x t r a c t  ( F i g u r e  5 ) .  

Growth O E  t h e  myotubes i n  medium c o n t a i n i n g  o n l y  c h i c k e n  embryo e x t r a c t  a s  a 

s u p p l e m e n t  l e a d s  t o  v i o l e n t  c o n t r a c t i o n s  o f  t h e  c e l l s  and  t h e i r  p a r t i a l  

d e t a c h m e n t  as a s h e e t  even  i n  t h e  co l l age l - embedded  c u l t u r e s  a f t e r  s e v e r a l  

d a y s .  When t h e  r a t i o  of t o t a l  p r o t e i n  t o  DNA c o n t e n t  o f  t h e  c e l l s  i s  

c a l c u l a t e d ,  i t  i s  e v i d e n t  t h a t  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  h o r s e  and embryo 

e x t r a c t  t o g e t h e r  l e a d s  t o  t h e  b e s t  g rowth  o f  c e l l s ,  a s  i n d i c a t e d  by  t h e  h i g h e r  

r a t i o  v a l u e s  ( F i g u r e  6 ) .  

Myosin h e a v y  c h a i n  c o n t e n t  of  the  c u l t u r e s  u n d e r  v a r y i n g  growth  c o n d i -  

tiens was measured  i n  c o n t r o l  and co l l age l - embedded  c u l t u r e s .  R e s u l t s  of  a 

t y p i c a l  e x p e r i m e n t  a r e  g i v e n  i n  T a b l e  11. T h i s  e x p e r i m e n t  h a s  been  r e p e a t e d  

t h r e e  t imes w i t h  s i m i l a r  r e s u l t s .  The myotubes  embedded i n  c o l l a g e 1  a c c u m u l a t e  

myos in  i n  2 - 3  t imes g r e a t e r  q u a n t i t y  t h a n  c o n t r o l  n o n - c o l l a g e 1  embedded 

c u l t u r e s .  T h i s  a g r e e s  w i t h  t h e  l i g h t  and e l e c t r o n  m i c r o s c o p i c  o b s e r v a t i o n s  

( F i g u r e  3 )  i n d i c a t i n g  t h a t  t h e  c e l l s  embedded i n  c o L l a g e l  c o n t a i n s  g r e a t e r  

amounts  o f  o r g a n i z e d  m y o f i b r i l l a r  m a t e r i a l  t h a n  non-embedded c o n t r o l s .  

I 

, 
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D i s c u s s i o n :  

C o l l a g e n  and o t h e r  e x t r a c e l l u l a r  m a t r i x  components  p l a y  a n  i m p o r t a n t  r o l e  

i n  t h e  d i f f e r e n t i a t i o n  and deve lopmen t  o f  many c e l l  t y p e s  (14 ,181 .  when 

t i s s u e - c u l t u r e d  c e l l s  a re  embedded i n  t h r e e - d i m e n s i o n a l  c o l l a g e n  m a t r i c e s ,  

t h e y  a r e  a b l e  t o  d i f f e r e n t i a t e  i n t o  more i n  v i v o - l i k e  t i s s u e s  ( 2 , 6 , 1 3 , 3 1 ) .  For 

s k e l e t a l  m u s c l e  c e l l s ,  c o l l a g e n  h a s  been  known f o r  many y e a r s  t o  have  an i m -  

p o r t a n t  i n f l u e n c e  on myotube f o r m a t i o n  from s i n g l e  p r e c u r s o r  m y o b l a s t s  (18,  

1 9 ) .  We h a v e  u t i l i z e d  t h e  c o l l a g e n - e m b e d d i n g  ( c o l l a g e l )  t e c h n i q u e ,  c o u p l e d  

w i t h  t h e  a d d i t i o n  o f  a s u p p o r t i v e  s u r r o u n d i n g  r i n g  s t r u c t u r e  ( a r t i f i c i a l  

" t e n d o n " ) ,  t o  e n h a n c e  t h e  long- t e rm s u r v i v a l  and  g rowth  o f  h i g h l y  c o n t r a c t i l e  

myo tubes  i n t o  " n e o n a t a l - l i k e "  m y o f i b e r s  . T h i s  c u l t u r i n g  t e c h n i q u e  a p p e a r s  t o  

a!?ov b e t t e r  a t t a c h m e n t  and g rowth  o f  t h e  myotubes  a s  i n d i c a t e d  by i n v e r t e d  

p h a s e ,  l i g h t  and e l e c t r o n  m i c r o s c o p i c  o b s e r v a t i o n s ,  a s  w e l l  a s  by t h e  g r e a t e r  

t o t a l  c e l l  p r o t e i n  and  DNA accu inu la t ion  and h i g h e r  pro te in /DNA r a t i o s  when 

-- 

compared t o  s t a n d a r d  n o n - c o l l a g e 1  c u l t u r i n g  t e c h n i q u e s .  The i n c r e a s e  i n  

a c c u m u l a t i o n  o f  c e l l  p r o t e i n  and DNA i n  t h e  c o l l a g e l  cu l tu re ' s  a p p e a r s  t o  be  

t h e  r e s u l t  of two f a c t o r s .  F i r s t ,  unde r  n o r m a l  c u l t u r i n g  t e c h n i q u e s ,  some of 

t h e  s p o n t a n e o u s l y  c o n t r a c t i l e  myotubes c o m p l e t e l y  d e t a c h  from t h e  s u b s t r a t u m  

and a r e  l o s t  i n t o  t h e  medium. S i n c e  i n c r e a s e d  myotube c o n t r a c t i l i t y  o c c u r s  as 

t h e  c e l l s  m a t u r e ,  t h i s  p r o c e s s  r e s u l t s  i n  t h e  l o s s  o f  t h e  mos t  m a t u r e  myotubes  

from t h e  c u l t u r e s .  Second,  many o f  t h e t m y o t u b e s  o n l y  p a r t i a l l y  d e t a c h  from t h e  

s u b s t r a t u m ,  e i t h e r  a s  a s h e e t  o f  c e l l s  or s i n g l y .  T h i s  r e s u l t s  i n  t h e  r e l e a s e  

o f  t e n s i o n  on  t h e  myo tubes ,  which  i s  known t o  b e  a n  i m p o r t a n t  g rowth  r e g u l a t o r  

i n  t h e  c u l t u r e d  c e l l s  ( 2 9 ) .  The c o l l a g e l  t e c h n i q u e  p r e v e n t s  b o t h  o f  t h e s e  

p r o c e s s e s  f rom o c c u r r i n g .  
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No a t t e m p t  was mads i n  o u r  e x p e r i m e n t s  t o  remove t h e  accompanying  f i b r o -  

b l a s t s  wh ich  c o n t i n u e  t o  p r o l i f e r a t e  i n  t h e  c u l t u r e s  and i n v a d e  i n t o  t h e  c o l -  

l a g e l  m a t r i x .  We a l l o w e d  f i b r o b l a s t s  t o  r e m a i n  i n  t h e  c u l t u r e s  for s e v e r a l  

r e a s o n s .  F i r s t ,  t h e y  may p r o v i d e  a b e t t e r  e n v i r o n m e n t  f o r  t h e  myotubes  t o  

d e v e l o p  by  s y n t h e s i z i n g  g rowth  f a c t o r s  (30)  or e x t r a c e l l u l a r  m a t r i x  components  

n o t  o r i g i n a l l y  i n  t h e  c o l l a g e 1  o r  produced  by t h e  m u s c l e  c e l l s  t h e m s e l v e s .  

S e c o n d l y ,  t h e  a d d i t i o n  o f  t h e  DNA po lymerase  i n h i b i t o r  c y t o s i n e  a r a b i n o s i d e  t o  

remove p r o l i f e r a t i n g  c e l l s  f rom t h e  p o s t m i t o t i c  myotube c u l t u r e s  a lways  l e a d s  

t o  less  h e a l t h y - l o o k i n g  m y 3 t u b e s ,  based  on v a c u o l e s  seen i n  t h e  c e l l s  b y  p h a s e  

c o n t r a s t  m i c r o s c o p y  (Vandenburgh ,  u n p u b l i s h e d  o b s e r v a t i o n s ) .  Whether  t h i s  i s  

d u e  t~ a d i r e c t  e f f e c t  o f  t h e  d r u g  on t h e  m u s c l e  c e i i s ,  or i s  due  t o  the re- 

moval  o f  p r o l i f e r a t i n g  c e l l s  which  a r e  n e c e s s a r y  f o r  h e a l t h i e r  myo tubes ,  is 

n o t  known. 

I n  t h e  l i g h t  and e l e c t r o n  m i c r o s c o p e ,  t h e  c o l l a g e l - e m b e d d e d  myotubes  

t a k e  on s e v e r a l  o f  t h e  m o r p h o l o g i c a l  c h a r a c t e r i s t i c s  o f  immature  n e o n a t a l  myo- 

f i b e r s ,  s u c h  a s  a w e l l - d e v e l o p e d  e x t e r n a l  lamina ' ,  p e r i p h e r a l l y  l o c a t e d  myonuc- 

l e i ,  and w e l l  o r g a n i z e d  myof i l amen tous  m a t e r i a l .  I t  h a s  b e e n  d i f f i c u l t  i n  

o t h e r  c u l t u r e  s y s t e m s  t o  o b t a i n  n e o n a t a l - l i k e  m y o f i b e r  d i f f e r e n t i a t i o n  f rom 

p r i m a r y  m y o b l a s t s .  The more c o m p l e t e  e x t e r n a l  l a m i n a  d e v e l o p m e n t  i n  t h e  

c o l l a g e 1  c u l t u r e s  is  n o t  s u r p r i s i n g  i n  l i g h t  of t h e  o b s e r v a t i o n s  t h a t  many 

componen t s  o f  t h e  e x t e r n a l  Lamina a r e  s y n t h e s i z e d  and  s e c r e t e d  i n t o  t h e  medium 

o f  c u l t u r e d  myotubes  r a t h e r  t h a n  b e i n g  i n c o r p o r a t e d  i n t o  t h e  c e l l ' s  immedia t e  ,. 
s u r r o u n d i n g  e n v i r o n m e n t  (10).  F i b r o n e c t i n ,  one  component  o f  t h e  e x t e r n a l  

l a m i n a ,  i s  s y n t h e s i z e d  and s e c r e t e d  in  m u s c l e  c u l t u r e s  and t h e  f r a c t i o n  o f  t h e  

s e c r e t e d  f i b r o n e c t i n  which  a p p e a r s  t o  be  i n c o r p o r a t e d  i n t o  t h e  e x t e r n a l  l a m i n a  

o f  t h e  c e l l s  o c c u r s  m a i n l y  a t  t h e  c o l l a g e n  s u b s t r a t u m - c e l l  membrane i n t e r f a c e  

( 1 2 ) .  I t  is  t h e r e f o r e ,  n o t  u n r e a s o n a b l e  t o  e x p e c t  t h a t  by  c o m p l e t e l y  s u r r o u n d -  

1 

* 
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i n g  the  myotubes  by a c o l l a g e n  m a t r i x ,  s t a b i l i z a t i o n  and i n c o r p o r a t i o n  o f  

f i b r o n e c t i n  and p o s s i b l y  o t h e r  e x t e r n a l  l amina  components  w i l l  o c c u r  a round 

t h c  e n t i r e  p e r i p h e r y  o f  t h e  c e l l s .  

The immature  myo tube ' s  n u c l e i  bo th  i n  v i v o  and i n  v i t r o  n o r m a l l y  occupy a 

p o s i t i o n  i n  t h e  c e n t r a l  r e g i o n  o f  t he  c e l l s '  c y t o p l a s m  (24). With d i f f e r e n t -  

-- -- 

i a t i o n  t h e r e  i s  a n  i n c r e a s i n g  i n c o r p o r a t i o n  o f  m u s c l e - s p e c i f i c  p r o t e i n s  i n t o  

m y o f i l a m e n t s  and t h e i r  f i l l i n g  o f  t h e  m y o t u b e ' s  c y t o p l a s m ,  u s u a l l y  fom t h e  

p e r i p h e r y  inward .  T h i s  i s  accompanied  by  many o f  t h e  myo tube ' s  n u c l e i  b e i n g  

r e l o c a t e d  i n t o  a subsa rco lemmal  p o s i t i o n .  Under normal  t i s s u e  c u l t u r e  c o n d i -  

t i o n s ,  mos t  o f  t h e  myo tube ' s  n u c l e i  r ema in  i n  t h e  c e l l ' s  i n t e r i o r .  I n  con- 

t r a s t ,  when t h e  myotubes a re  grown i n  c o l l a g e l ,  many o f  t h e  n u c l e i  a r e  

s u b s e q u e n t l y  r e l o c a t e d  t o  a subsa rco lemmal  p o s i t i o n  a f t e r  1-2 weeks i n  

c u l t u r e .  T h i s  r e l o c a t i o n  is p r o b a b l y  i n i t i a t e d  by  t h e  i n c r e a s e d  a p p e a r a n c e  o f  

o r g a n i z e d  m y o f i b r i l l a r y  m a t e r i a l  i n  the  c o l l a g e l - e m b e d d e d  myo tubes ,  a s  s e e n  by 

e l e c t r o n  m i c r o s c o p y .  The a p p e a r a n c e  of s a t e l l i t e - l i k e  c e l l s  a l o n g  t h e  p e r i -  

p h e r y  o f  t h e  m y o f i b e r s  i n  v i v o  i s  a l s o  a c h a r a c t e r i s t i c  of a more ma tu re  

m y o f i b e r .  S i n c e  w e  d i d  n o t  p e r f o r m  e l e c t r o n  m i c r o s c o p y  on  t h e s e  c e l l s  i n  t h e  

p r e s e n t  s t u d y ,  w e  do n o t  know i f  c e l l s  which  f i t  i n t o  t h e  c l a s s i c a l  d e f i n i t i o n  

o f  a s a t e l l i t e  c e l l  ( i . e .  l o c a t e d  w i t h i n  t h e  e x t e r n a l  l a m i n a  o f  t h e  m y o f i b e r )  

a r e  o c c u r r i n g  i n  t h e  c o l l a g e l  c u l t u r e s .  Phase  and l i g h t  m i c r o s c o p y  show many 

c e l l s  c l o s e l y  opposed  t o  t h e  myof ibe r ,  ( F i g u r e s  1 and 2 )  b u t  w h e t h e r  t h e y  have 

a d i s t i n c t  membrane s e p a r a t i n g  them from' t h e  m y o f i b e r ' s  c y t o p l a s m  w i l l  r e q u i r e  

f u r t h e r  s t u d y .  

1 

S 
< 

Q u a n t i t a t i o n  o f  one  o f  t h e  m y o f i b r i l l a r  p r o t e i n s ,  t h e  myos in  heavy  c h a i n ,  

b y  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s ,  s u p p o r t s  t h e  o b s e r v a t i o n s  from e l e c t r o n  

m i c r o s c o p y  t h a t  g r e a t e r  l e v e l s  of myof i l amen t s  a p p e a r  i n  t h e  co l l age l - embedded  

c u l t u r e s .  The co l l age l - embedded  c e l l s  a r e  a b l e  t o  a c c u m u l a t e  2 - 3  times more 
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m y o s i n  heavy  c h a i n  p r o t e i n  t h a n  ndrrnal c u l t u r e s  grown on  a c o l l a g e n - c o a t e d  

s u b s t r ~ t u ~ n .  T h i s  irnproved accurnuld t ion  o f  myosin i s  p a r t l y  due  t o  f ewer  de -  

t a c h e d  c e l l s ,  a l o n g  w i t h  b e t t e r  d i f f e r e n t i a t i o n  o f  t h e  r e m a i n i n g  a t t a c h e d  

m y o f i b e r s  k e p t  u n d e r  t e n s i o n  i n  the  c o l l a g e l - e m b e d d e d  c u l t u r e s .  The b e t t e r  

myos in  a c c u m u l a t i o n  i n  t h e  c o l l a g e l  c u l t u r e s  is  n o t  s u r p r i s i n g ,  c o n s i d e r i n g  

t h e  known i m p o r t a n c e  o f  t e n s i o n  i n  r e g u l a t i n g  t h e  l e v e l s  o f  myos in  b o t h  i n  - 
v i t r o  ( 2 9 )  and i n  v i v o  (1 ,16) .  -- 

E x p e r i m e n t s  per formed i n  media  o f  s e v e r a l  d i f f e r e n t  c o m p o s i t i o n s  i n d i c a t e  

t h a t  t h e  c o l l a g e l - e m b e d d e d  c e l l  c u l t u r e  t e c h n i q u e  w i l l  be u s e f u l  f o r  t h e  a n -  

a l y s i s  o f  t h e  r o l e  of h o r s e  serum and c h i c k  embryo e x t r a c t  f a c t o r s  i n  myotube 

d i f f e r e n t i a t i o n  i n t o  more m - ? r e r e  mysfibcrs.  his culture s y s t e m ,  b y  i i ia i i i ta in-  

i n g  t h e  h i g h l y  c o n t r a c t i l e  c e l l s  i n  a g rowth  s t a t e  and u n d e r  t e n s i o n ,  even  i n  

l e s s - e n r i c h e d  m e d i a ,  s h o u l d  a l s o  be u s e f u l  i n  t h e  a n a l y s i s  of t h e  v a r i o u s  d e -  

f i n e d  g r o w t h  f a c t o r s  on t h e  long- t e rm t i s s u e  g rowth .  A d d i t i o n  o f  medium 

s u p p l e m e n t s  i n c r e a s e s  t h e  c e l l ' s  g rowth ,  a s  e v i d e n c e d  b y  t h e  i n c r e a s i n g  t o t a l  

c e l l  p r o t e i n  and D N A  l e v e l s .  More comple t e  a n a l y s i s  i s  needed  t o  d e t e r m i n e  t h e  

v a r i o u s  r o l e s  p l a y e d  by  s e r u m  and embryo e x t r a c t  f a c t o r  i n  (he  more c o m p l e t e  

d i f f e r e n t i a t i o n  o f  t h e  musc le  c e l l s  i n  t h e  c o l l a g e l  s y s t e m .  I n  a n a l y z i n g  t h e  

i n f l u e n c e  o f  v a r i o u s  medium growth  f a c t o r s  on t h e  m y o f i b e r ' s  g r o w t h ,  some 

c o n s i d e r a t i o n  w i l l  h a v e  t o  b e  g i v e n  t o  t h e  d i f f e r e n c e s  i n  s p o n t a n e o u s  con- 

t r a c t i l e  a c t i v i t y  which a r e  obse rved  i n  media  o f  v a r i o u s  c o m p o s i t i o n s ,  s i n c e  

a c t i v i t y  i s  a v e r y  i m p o r t a n t  r e g u l a t o r  o f  ' p r o t e i n  t u r n o v e r  i n  s k e l e t a l  musc le  

( 3 3 ) .  D i f f e r e n t i a t i o n  be tween a growth f a c t o r ' s  e f f e c t s  on  m y o f i b e r  growth  due  

t o  d i r e c t  h o r m o n e - r e c e p t o r  i n t e r a c t i o n s  v e r s u s  i n d i r e c t  m e c h a n i c a l  a c t i v i t y  

e f f e c t s  s h o u l d  b e  p o s s i b l e ,  s i n c e  d r u g s  s u c h  a s  t e t r o d o t o x i n  can b e  used  t o  

i n h i b i t  m u s c l e  m e c h a n i c a l  a c t i v i t y .  

I n  summary,  t h e  new c u l t u r e  method d e s c r i b e d  i n  t h i s  p a p e r  a p p e a r s  t o  be 
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a n  iiiiproved c u l t u r i n g  t e c l l n i q u e  f o r  t h e  i n  v i t r o  a n a l y s i s  oE t h e  d i f f e r e n t i a -  

t i o n  o f  immature  myotubcs i n t o  n e o n a t a l - l i k e  m y o f i b e r s  u n d e r  h i g h l y  r e g u l a t -  

-- 

a b l e  t i s s u e - c u l t u r e  c o n d i t i o n s .  T h i s  c u l t u r i n g  t e c h n i q u e ,  when c o u p l e d  t o  

o t h e r  i n  v i v o - l i k e  i n f l u e n c e s  o n  musc le  g r o w t h  which  a r e  l o s t  i n  no rma l  

c u l t u r i n g  t e c h n i q u e s  s u c h  a s  i n n e r v a t i o n ,  and m e c h a n i c a l  a c t i v i t y ,  may p r o v e  

- -  

t o  be  a u s e f u l  t o o l  f o r .  t h e  a n a l y s i s  o f  t h e  f a c t o r s  i n v o l v e d  i n  s k e l e t a l  

m u s c l e  g r o w t h  and d i f f e r e n t i a t i o n  t o  t h e  a d u l t  s t a g e .  

4 

, 
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TABLE I 

T o t a l  C e l l  Pro te in /DNA R a t i o s  o f  t h e  C u l t u r e d  Muscle  C e l l s  

Days i n  C u l t u r e  

3 

5 

8 

15 

C o n t r o l  C u l t u r e s  

Mean t S.D. - 
(N = 2-4 )  

18.8 - t 0.1 

2 9 . 3  t 4.3  - 
35 .3 + 6.4 - 
2 8 . 9  + 7 . 2  

Mean ~f Eays 5-15 31.2 + 3.6 - 

% 
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Co 1 l a g e  1 Cu 1 t u r e s  

Mean + S.D. 
(N = 2-4)  

- 

17.5 + 0.3 - 
37.4 + 4 . 2  - 
46.8 + 3 . 4  - 
35.3 + 1.0 

39 .8  + 6.i* - 

*Days 5-15 c o n t r o l  vs. c o l l a g e 1  c u l t u r e  r a t i o s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  a t  

t h e  p < .03 l e v e l  based  on a p a i r e d  t - t e s t .  

Embryonic  a v i a n  m y o b l a s t s  were p l a t e d  o n t o  c o l l a g e n - c o a t e d '  t i s s u e  c u l t u r e  

d i s h e s  c o n t a i n i n g  n y l o n  r i n g  s u p p o r t s  a s  d e s c r i b e d  i n  Methods.  The c e l l s  

d i f f e r e n t i a t e d  i n t o  c o n t r a c t i l e  myotubes b y  Day 3 p o s t p l a t i n g .  A t  t h a t  t i m e ,  

h a l f  t h e  c e l l s  were embedded i n  a c o l l a g e 1  m a t r i x ;  a l l  t h e  c u l t u r e s  were fed  

f r e s h  medium ( 8 5 / 1 0 / 5 )  e v e r y  t h i r d  day t h e r e a f t e r .  A t  t h e  t imes i n d i c a t e d ,  t h e  

c u l t u r e s  were p r o c e s s e d  for t o t a l  c e l l e p r o t e i n  and DNA c o n t e n t  a s  o u t l i n e d  i n  
# 

Methods.  



TABLE I1 

Myosin Heavy C h a i n  A c c u m u l a t i o n  i n  S k e l e t a l  Myotube C u l t u r e s  

D ~ Y S  i n  C u l t u r e  N C o n t r o l s  C o l l a g e  1 
(i(g/dish - + SD) p i g / d i s h  + SD) 

8 

15 

4 

3 

N = number p e r  g r o u p  

P va!i;e i i s i n g  u n p a i r e d  t - t e s t  

23 + 8 - 
22 + 7 - 

T h i s  e x p e r i m e n t  was p e r f o r m e d  a s  

4 3  + 13 
6 5  + 2 3  - 

i t l i n e d  i n  T a b l e  I Leg 

p v a l u e  

_. nd. Myosin h avy 

c h a i n  a c c u m u l a t i o n  was d e t e r m i n e d  b y  d e n s i t o m e t r i c  s c a n n i n g  of t h e  myos in  

h e a v y  c h a i n  band i s o l a t e d  by  t h e  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  method o f  

P a t e r s o n  and Strohman ( 2 5 ) .  F i v e  d i f f e r e n t  c o n c e n t r a t i o n s  of myosin heavy 

c h a i n  s t a n d a r d s  (Sigma) were r u n  w i t h  e a c h  g r o u p  of c u l t u r e a  m u s c l e  p r o t e i n  

s a m p l e s .  

, 
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F i r u r e  1,c);endS: 

F i g u r e  1. S k e l e t a l  myotubes a f t e r  1 7  d a y s  i n  c u l t u r e .  The c e l l s  were grown f o r  

t h e  f i r s t  72 h o u r s  i n  8 5 / 1 0 / 5  medium, and t h e n  m a i n t a i n e d  i n  e i t h e r  85/10/5 

medium ( A ,  B) or B a s a l  Medium ( E a g l e ' s )  w i t h o u t  s u p p l e m e n t s  ( C ,  D ) .  A and C 

a r e  c o n t r o l  c u l t u r e s ,  B and D co l l agen-embedded  c u l t u r e s .  Arrowheads i n d i c a t e  

p a r t i a l l y  d e t a c h e d  myotubcs u n d e r  l i t t l e  t e n s i 0 n . H  & E s t a i n ,  x 125.  

F i g u r e  2 .  L i g h t  m i c r o g r a p h s  o f  s k e l e t a l  myotubes  a f t e r  1 7  d a y s  i n  c u l t u r e .  The 

c e l l s  were grown for 72 h o u r s  i n  8 5 / 1 0 / 5  medium and t h e n  main-  t a i n e d  i n  B a s a l  

Medium ( E a g l e  ' s )  w i t h o u t  S u p p l e m e n t s .  A .  C o n t r o l  c u l t u r e s ,  B.  c o l l a g e 1  

c u l t u r e s .  S t r i a t i o n s  a r e  c l e a r l y  v i s i b l e  i n  l a r g e r  myo tubes  w i t h  

s ~ b s a r c o l e m n a l  n u c l e i  i n  t h e  c o i l a s e l - e m b e d d e d  c e l l s .  Arrowheads  i n d i c a t e  

p a r t i a l l y  d e t a c h e d  myotubes  u n d e r  l i t t l e  t e n s i o n .  H & E s t a i n  x 1000. 

F i g u r e  3 .  E l e c t r o n  m i c r o g r a p h s  o f  18 day  c u l t u r e d  myo tubes .  A .  C o n t r o l  c e l l s  

a r e  v a c u o l a t e d ,  and c o n t a i n  l o o s e l y  o r g a n i z e d  m y a f i b r i l l a r  m a t e r i a l  ( a r r o w -  

h e a d s ) .  B ,  C , D .  Col lage l -embedded c e l l s  which  h a v e  c h a r a c t e r i s t i c s  of  neo-  

natal m y o f i b e r s  i n c l u d i n g  w e l l  o r g a n i z e d  m y o f i b r i l l a r  m a t e r i a l  ( B )  , a p e r i -  

1 

p h e r a l l y  m i g r a t i n g  n u c l e u s  ( C ) ,  and w e l l  d e v e l o p e d  e x t e r n a l  l a m i n a  ( a r r o w h e a d )  

(D).  M a g n i f i c a t i o n s  a r e  A .  3,000;  B .  9 ,000 ;  C .  9 ,000;  D. 4 , 0 0 0 .  

F i s u r e  4 .  T o t a l  c e l l  p r o t e i n  ( A )  and DNA (B) a c c u m u l a t i o n  i n  c o n t r o l  and c o l -  

l a g e l  c u l t u r e s  a t  v a r y i n g  t imes a f t e r  p l a t i n g .  The c o l l a g e n  g e l  p r o c e d u r e  was 

p e r f o r m e d  on Day 3 ,  w i t h  a p p r o x i m a t e l y  4 0 p g  c o l l a g e n  p r o t e i n  added  t o  e a c h  

o f  t h e  c o l l a g e 1  c u l t u r e s .  V a l u e s  a r e  mean + SD o f  2-4 c u l t u r e s .  - 
F i g u r e  5 .  E f f e c t s  of  c h a n g i n g  t h e  c o m p o s i t i o n  of t h e  medium on  t o t a l  c e l l  

p r o t e i n  and DNA a c c u m u l a t i o n  i n  c o l l a g e l  c u l t u r e s .  A l l  c e l l s  were f e d  8511015 

m e d i a  up  t o  Day 5 ,  a t  which t i m e  f r e s h  media  of  v a r y i n g  c o m p o s i t i o n s  were 

a d d e d  e v e r y  t h i r d  day a s  i n d i c a t e d  on t h e  x a x i s  for t h e  s u b s e q u e n t  d a y s  (18) 
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of t h e  e x p e r i m e n t .  V.?lucs a r e  t h e  means + SD o f  2 - 4  c u l t u r e s .  The a b s e n c e  of 

S.D. b a r s  from some o f  t h e  d a t a  p o i n t s  i n d i c a t e s  t h a t  t he  b a r s  were s m a l l e r  

- 

than t h e  d a t a  p o i n t s .  T o t a l  c e l l  p r o t e i n  a c c u m u l a t i o n  ( 0  >. T o t a l  c e l l  DNA 

c o n t e n t  ( e ) .  Age-matched c o n t r o l  c u l t u r e s  n o t  embedded i n  c o l l a g e 1  had t o t a l  

c e l l  p r o t e i n  c o n t e n t  of 99 + 35 and DPIA c o n t e n t  of 4 . 4  + 2 . 3  g l d i s h .  - 

F i g u r e  6 .  R a t i o  of t o t a l  c e l l  protein/DPIA c o n t e n t  o f  t h e  c e l l s  from t h e  e x p e r -  

i m e n t  o u t l i n e d  i n  F i g u r e  5 .  Each  bar  is t h e  mean + SD of 2 - 4  v a l u e s .  - 

8 
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l ngcn  G e l .  11 .11 .  VANUENIIUI~CII*, 1'.  K:lrliscll 
ond L .  F a r r ,  Dcportiircnt of I 'o t l ioloyy,  
 rowt ti Univcrn i t y  oird ikpi i r r iscnt  oC I.nli- 
o r a t o r y  Medic ine .  The Miriam H o s p i t a l ,  
16.4 S u m m i t  Avenue, P r o v i d e n c e ,  R I  02906 .  

51 C u l t u r c t l  Avinii S k c l c t n l  M y ~ t i i l > ~ ! ~  i n  C o l -  

S k e l e t a l  iinlscle a c t i v i t y  is irnportiint f o r  Lltc 
main tenance  of muscle  p r o t e i n  c o n t e n t ,  w i t h  in-  
: ~ c t i v i t y  l e a d i n g  t o  c e l l  a t r o p h y .  I n  t i s s u e  c t l l -  
t u r e .  h i g h l y  c o n t r a c t i l e  s k e l e t a l  myotubes a r e  
d i f f i c u l t  t o  i n a i n t s i n  i n  h i g h  d e n s i t y  on c o l l a g e n -  
c o a t e d  d i s h e s  for  ex tended  p e r i o d s  of t ime because  
of t h e i r  p r o p e n s i t y  t o  d e t a c h  from tlie subs t ra t i i in .  
T h i s  detachment  r e s u l t s  in tlir r e l e a s e  oC t e n s i o n  
from t h e  c e l l s  and t h e  loss of c e l l  p r o t e l n .  .4 
s imple  method i s  d e s c r i b e d  f o r  long- te rm c u l t u r i n g  
of  h igh  d e n s i t y  c o n t r a c t i l e  pr imary  a v i a n  myotubes 
embedded i n  a c o l l a g e n  m a t r i x  ( c o l l a g e l )  and a t -  
tached t o  a c i r c u l a r  nyloit r i n g .  A f t e r  s c v c r a l  
weeks i n  c u l t u r e ,  a d iap l i ragm-l ike  t h i n  l a y e r  of 
myotubes d e v e l o p s  whioh i s  no l o n g e r  a tLached t o  
t h e  c u l t u r e  d i s h  b u t  o n l y  t'i t h e  c i r c u l a r  r i n g .  
T o t a l  c e l l  p r o t e i n  and myosin heavy c h a i n  accum- 
u l a t i o n  is m a i n t a i n e d  i r i  t h i s  c o l l a g e l  !.ystern a t  
l e v e l s  which a r e  2-3  t imes  t l ios r  fouiti1 in  t ime-  
matched c o n t r o l $ .  M o r p h o l o g i c a l l y ,  t h e  :nyotul)es 
have t h e  s t r u c t u r a l  c h n r a c t e r i s t  i c s  of  n e o n a t a l  
xiyofibers  - subsarcolemmal n u c l e i ,  w e l l  o r g a n i z e d  
m y o f i b r i l l a r  and e x t e r n a l  lamina m a t e r i a : .  T h i s  
new c o l l a g e l  c u l t u r c  svstctn should  prove iisciiil i n  
examining t h e  r e l a t i o n s h i p  of  muscle  a c t i v i t y  t o  
muscle  growth and t o  gene * x p r e s s i o n  d u r i n g  :nyo- 
tube  t o  myof iber  d i € f e r s n t i a t i o n .  ( S u p p o r t e d  by 
NIH Grant  AM 3 6 2 6 6  and NASA Research  Grant  
NAG2 -4 14 ) . 

50 Chick Iris Pigmented E p i t h e l i a l  Cel ls  i n  
v i t ro .  L. SARTORI*. Mark C .  S k i b a  and- 
C h r i s t o p h e r  Murray,  Western New England 
C o l l e g e ,  S p r i n g f i e l d ,  MA 01 119. 

- 

Chick iris pigmented  e p i t h e l i a l  c e l l s  were grown in ' 
a medium c o n s i s t i n g  of MEM and 10% f e t a l  b o v i n e  
serum. H3-thymidine i n c o r p o r a t i o n  by the cells 
showed tha t  t h e  cells  were n o t  q u i e s c e n t  b u t  under-  
going t y p i c a l  ce l l  c y c l e s .  The cel ls  grew o u t  f rom 
e x p l a n t s  in very d e n s e l y  p o p u l a t e d  s h e e t s .  
s h a p e s  of the cells were hexagonal  w i th  e a c h  h a v i n g  
a c e n t r a l l y  l o c a t e d  n u c l e u s .  A s i n g l e  p r o t e i n  w a s  
i s o l a t e d  from the  ce l l  s u r f a c e s  u s i n g  5 %  SDS-poly- 
a c r y l a m i d e  gel e l e c t r o p h o r e s i s .  
a p p r o x i m a t e  w e i g h t  of 210.000 d a l t o n s .  

The 

The p r o t e i n  h a s  a n  

52 A Computer ized Model System for Studying  
t h e  E f f e c t s  of Mechanica l  A c t i v i t y  on C e l l  
Growth I n  V i t r o .  X.H. VANDENBURGH*,  De- 
par tment  of P a t h o l o g y ,  Brown U n i v e r s i t y  
and Department  of L a b o r a t o r y  Medic ine ,  
The Miriam H o s p i t a l ,  164 Summit Avenue, 
P r o v i d e n c e ,  R I  02906  

Mechanical  a c t i v i t y  has  i m p o r t a n t  growth r e g u l a t -  
i n g  e f f e c t s  on many t i s s u e s - .  i n c l u d i n g  b o n e , - s k e l -  
e t a l .  c a r d i a c ,  and smooth musc le .  The m o l e c u l a r  
mechanism f o r  t h i s  phys icaL t o  b i o c h e m i c a l  t r a n s -  
d u c t i o n  i s  unknown, b u t  t h e  c y t o s k e l e t o n  i s  prob- 
abLy v i t a l .  To s t u d y  t h i s  t r a n s d u c t i o n ,  a new 
model sys tem h a s  been d e v e l o p e d  in  which c u l t u r e d  
c e l l s  can  be grown on a n  e l a s t i c  s u b s t r a t u m  and 
m e c h a n i c a l l y  s t r e t c h e d  and r e l a x e d  r e p e t i t i v e l y  t o  
a l i n e a r  a c c u r a c y  of  30 m. The c o n t r o l l i n g  u n i t  i n  
t h e  Mechanical  C e l l  S t i m u l a t o r  (MCS) i s  a n  Apple 
I I e  computer  i n t e r f a c e d  w i t h  24 w e l l  C e l l  Growth 
Chamber through o p t i c a l  d a t a  l i n k s .  The s e t - u p  can 
be p l a c e d  i n  a s t a n d a r d  Cog i n c u b a t o r  and t h e  MCS 
s o f t w a r e  is c a p a b l e  of s i m u l a t i n g  many d i f f e r e n t  
t y p e s  o f  mechanica l  a c t i v i t y  p a t t e r n s  which c e l l s  
a r e  s u b j e c t e d  t o  in  v i v o .  The C e l l  Growth Chamber 
a l l o w s  e a s y  a c c e s s  f o r  m u l t i p l e  sampl ing  f o r  t ime 
c o u r s e  s t u d i e s .  We have u t i l i z e d  t h i s  sys tem t o  
show t h a t  1) pr imary  a v i a n  myoblas t s  f u s e  i n t o  
myotubes which a r e  o r i e n t e d  p a r a l l e l  t o  t h e  d i r e c -  
t i o n  of  a c o n t i n u o u s  s t r e t c h  i n  one d i r e c t i o n  
( 0 . 3 5  mm/hr €or 24 h r s )  b u t  p e r p e n d i c u l a r  t o  t h e  
d i r e c t i o n  of  r e p e t i t i v e  mechanica l  a c t i v i t y  (2  
H e r t z  f o r  10 s e c .  150 s e c  r e s t ,  f o r  24 h r s ) ;  and 
2 )  t h e  myotube ' s  g r o v t h  r a t e  is s t i m u l a t e d  by b o t h  
t y p e s  of  mechanica l  a c t i v i t y .  (Suppor ted  by N I H  
G r a n t s  AM36266 and RR 0518.) 
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